Drinking water filters may be operated to promote or deter biological activity through upstream oxidant addition. While there are several water quality benefits from biofiltration, microbial growth in biofilters warrants further investigation. In this study, routine monitoring detected target DNA sequences for Naegleria fowleri in source water and Acanthamoeba spp. in source water and biofilter effluent, triggering further microbial community characterization. Full-scale anthracite and granular activated carbon (GAC) filters receiving chlorinated waters were compared in terms of effluent water quality (i.e., turbidity and particle counts), biological activity (i.e., adenosine triphosphate (ATP)), and the composition of the microbial community (i.e., 16S/18S rRNA gene sequencing, free-living amoeba). Because of rapid chlorine quenching by GAC, greater biomass development was observed in the GAC biofilter (ATP = 5 × 10 3 -5 × 10 4 pg cm −3 media) than the anthracite filter (ATP = 4 × 10 2 -1 × 10 3 pg cm −3 media). Due to possible sloughed biomass, GAC effluent also had consistently greater turbidity, particle counts, and cellular ATP than the anthracite filter. 16S rRNA gene sequencing revealed distinct taxonomic differences between the anthracite and GAC filters, and GAC also hosted a more diverse population (Shannon index: GAC = 3.7-5.0 and anthracite = 2.4-2.9). At the genus level, the anthracite filter contained mostly Undibacterium-like taxon (45-68%), while the GAC biofilter was dominated by Massilia (8-36%), Herbaspirillum (2-44%), and unknown Comamonadaceae (9-18%), among others. The presence of viable free-living amoebas was also detected in the GAC biofilter media. Further characterization of the eukaryotic 18S rRNA gene showed that anthracite predominantly harbored copepod Leptodiaptomus (67%), while a majority of the sequences in GAC are unknown.
Introduction
Biofiltration provides water quality benefits such as improved distribution system biostability and biodegradation of organic carbon, disinfection byproduct precursors, and other contaminants, [1] [2] [3] [4] while meeting regulatory filter effluent turbidity guidelines. 5 Monitoring biofilter efficiency may include water quality parameters such as biological activity (i.e., adenosine triphosphate (ATP)), dissolved oxygen consumption, or various organic carbon measurements (e.g., biodegradable/assimilable organic carbon, fluorescence excitation-emission matrices, size-exclusion chromatography, etc.). 6, 7 Strategies such as nutrient addition and upstream oxidant usage have also emerged to improve biofilter performance with respect to a variety of operational challenges (i.e., head loss development, reduced filter time, increased turbidity and particle counts). 8 With these advances in monitoring and operating strategies, water utilities must develop greater understanding of the microbial structure within biofiltration systems to fully evaluate the benefits and possible risks of biofiltration for a specific utility. Current microbiological methods now allow for greater opportunity to explore and optimize biofilters to meet treatment objectives.
Different organisms have different catabolic abilities for certain substrates. Hence, depending on the influent water quality, certain microbes can be enriched in the filter media, thereby impacting the overall composition of the microbial community. For example, granular activated carbon (GAC) biofilters respond to changes in the carbon : nitrogen : phosphorous ratios of the influent. Under nutrient-limited conditions, Bradyrhizobium may proliferate, produce excessive amounts of extracellular polymeric substances (EPS), and cause rapid filter clogging. 9 The addition of phosphorous has also been shown to cause dramatic changes in the microbial community of activated carbon bioreactors. 10 Preceding treatment processes such as oxidation also impact characteristics of the filter microbiome. Greater eukaryotic markers were found in biofilters receiving non-ozonated waters compared to ozonated waters. 11 Some organisms may have also developed tolerance against chlorination. 12 Microbial community structure could also differ with respect to filter depth. The top layer of the filter can be composed of microbes adapted for efficient consumption of readily biodegradable dissolved organic carbon (DOC), 11 which can shift with the backwashing procedure. 13 Filter-specific occurrence patterns have also been observed in a recent study (e.g., Bradyrhizobium in GAC and Nitrospira in sand-associated filters). 14 It is essential to understand changes in the microbial composition of the filter media, as they dictate the microbiological quality of the filtered water. Pinto et al. (2012) found that 'leaky colonizers' (e.g., Hydrogenophaga, Acidovorax and Denitratisoma) can persist in GAC/sand filters and transfer to distributed waters. 15 Lautenschlager et al. (2014) also reported similarities in microbial taxa in biofilters and their respective effluents, but the corresponding abundances differed by filter type (e.g., relative abundance of proteobacteria: GAC > rapid sand filter > slow sand filter). 16 Various invertebrates that colonize GAC filters can also be transferred in the filter effluent. 17, 18 These observations are important especially in the context of microbial risk. Previous studies observed harboring of possible pathogenic species (e.g., Acinetobacter spp., Pseudomonas spp., Klebsiella pneumoniae, Aeromonas, among others) by the GAC media, unintentionally releasing them in the distribution waters through filter fines shed from the biofilters. 19, 20 Free-living amoebas (FLA) comprise an emerging class of organisms which has not been thoroughly studied in drinking water biofilters. These organisms have generated considerable interest in drinking water distribution systems due to the presence of Naegleria and Acanthamoeba species. Each of these organisms has been listed on the U.S. Environmental Protection Agency's Contaminant Candidate List (Naegleria on CCL4 and Acanthamoeba on CCL1) and both can result in disease (i.e., amoebic meningoencephalitis, keratitis) or even death. 21 Because of its status as a CCL4 contaminant, Naegleria fowleri may ultimately be regulated under the Safe Drinking Water Act. 22 While regarded as a distribution system phenomenon, 23 greater surveillance is needed in drinking water biofilters to determine if they provide habitat for these organisms to proliferate.
In addition to direct health effects, FLA can also have indirect health implications by hosting pathogenic bacteria within its vacuoles. 7, 24, 25 Under these situations, the amoeba may live as trophozoites in suitable environments (such as a biofilter) or as cysts when under stress conditions (such as oxidation). 26, 27 If present as cysts, FLA pose a risk to drinking water quality during distribution because the cyst form is highly resistant to chlorine, chloramine, and chlorine dioxide, [28] [29] [30] [31] which are commonly used secondary oxidants in distribution systems. Thus, greater monitoring of FLA is warranted in drinking water treatment plants. To date, there is limited information available that explores the role of biofilters in harboring/releasing FLA.
This study investigates the filter dynamics in parallel full-scale drinking water biofilters by integrating the conventional engineering aspects of filtration (e.g., 10 year turbidity and particle counts data) with microbial characterization. This work was prompted by qPCR detection of Naegleria fowleri and Acanthamoeba spp. target DNA sequences in the raw water, followed by an increase in Acanthamoeba DNA in GAC filter effluent. Various microbial characterization tools were used to meet the objectives of the study: (1) to quantify the amount of biomass (via ATP measurements) in chlorinated GAC and anthracite filters, (2) to determine the effect of biological activity on the effluent turbidity and particle counts, (3) to identify the presence and viability of FLA in the different filters, and (4) to determine differences in microbial diversity and relative abundance via sequencing of the 16S rRNA gene of bacteria and 18S rRNA gene of eukaryotes/invertebrates in the different filters.
Experimental section

Sampling site
Media and water samples were obtained from a full-scale drinking water treatment plant that has been operating for more than 10 years (River Mountains Water Treatment Facility (RMWTF), Henderson, NV, USA). Raw water quality characteristics (±standard deviation) are included in Table S1 in ESI † (DOC = 2.58 ± 0.08 mg L −1 ; turbidity = 0.38 ± 0.10 NTU; pH = 8.1 ± 0.2; temperature = 16.1 ± 1.8°C). The treatment process begins with ozonation (O 3 = 1.5 mg L −1 and O 3 /DOC = 0.6 to target 1-2 log inactivation of Cryptosporidium) followed by coagulation [0.6 mg L −1 FeCl 3 (as 40% product)], flocculation, chlorination (free Cl 2 dose = 1.8 mg L −1 ), and filtration. The applied chlorine dose before the filters was optimized based on the plant CT requirement. The filtration process is designed with 20 filters operated in parallel: 18 anthracite/sand (filters 1-18) and 2 GAC/sand filters (filters 19-20) (Fig. S1 †) . The filter bed is composed of 1.8 m of anthracite [effective size (ES) = 1.2 mm; uniformity coefficient (UC) < 1.4; particle density (ρ) = 1.65 g cm −3 ] or GAC (ES = 1.1 mm; UC < 1.4; ρ = 1.38 g cm −3 ) followed by 0.2 m of sand (ES = 0.60 mm; UC < 1.4; ρ = 2.62 g cm −3 ) on a support plate (type "S", Leopold, Zelionople, PA, USA). The average empty bed contact time is 15 min, the hydraulic loading rate is 7 m h −1 , and filter run times are 200 and 150 h for the anthracite and GAC filters, respectively. The anthracite filter allows passage of chlorine into the filter effluent (free Cl 2 residual = 1.0 ± 0.3 mg L −1 ). The GAC filters quench the free chlorine residual within the initial 0.5 m of media depth, allowing the remaining portion of the filter bed (depth > 0.5 m) to have enhanced biological activity. The backwash process uses chlorinated (∼1.8 mg Cl 2 L −1 ) finished water with surface wash, air scour, low rate water backwash, high rate water backwash, and low rate water backwash.
Monitoring plan
Routine monthly monitoring of Acanthamoeba spp., Naegleria fowleri, and Balamuthia mandrillaris target DNA was initiated at the Las Vegas Wash (a wastewater-influenced tributary of Lake Mead), the raw water supply from Lake Mead, and filter effluents from RMWTF due to concerns of pathogenic FLA proliferation induced by drought conditions (i.e., increasing temperature, decreasing surface water level). In May 2017, filter media sampling was conducted in Filter 18 (anthracite/ sand; F18) and Filters 19-20 (GAC/sand; F19-F20) at different depths (0-2 m). Media samples were collected to assess the biological activity on the filter media, identify viable FLA, and profile microbial communities present in the anthracite and GAC filters. Filter 18 (anthracite/sand) serves as the control filter (chlorinated) to determine the effect of chlorine quenching on filter performance and microbial structure of GAC/sand filters (n = 2, each for top and bottom layers, before and after backwash). The filter effluents were also equipped with turbidity (1720E, Hach, USA) and particle count (IBR, USA) sensors.
Biological activity within the filters was investigated using filter cores obtained using a wheat thief sampling device ( Fig.  S2 †) . Compartments are located every ∼0.25 m along the sampling device allowing for complete profiles of the filter media. Once the media was collected, it was stored wet until analysis within 24 hours. To quantify biomass, attached ATP was measured using a Deposit & Surface Analysis test kit (LuminUltra Technologies Ltd., Canada). 32, 33 Attached ATP values of GAC and anthracite were reported in mass of ATP per cm 3 of media particle to account for differences in media density. A similar method was employed to monitor sloughed biomass in the effluent (Quench-Gone Aqueous test kit, LuminUltra Technologies Ltd., Canada). Chlorine residuals were also measured at various filter depths using the N,N-diethyl-p-phenylenediamine free chlorine colorimetric method (Hach, USA).
Molecular methods
The analysis of water samples for Naegleria fowleri, Acanthamoeba spp., and Balamuthia mandrillaris target DNA sequences was performed using real time quantitative polymerase chain reaction (qPCR). At each sampling location, a 10 liter sample was collected and subjected to tangential flow ultrafiltration (TFU) to concentrate the samples to about 200 mL. The TFU setup ( Fig. S3 †) is composed of a Rexeed-25S hollow fiber filter (Asahi Kasei Medical Co., Ltd, U.S.) fed with the water sample at a flow rate of 0.6-1.2 mL min −1 . Microorganisms attached to the ultrafilter were eluted using a 500 mL buffer solution (Tween 80 (Fisher Scientific) + Antifoam A (Sigma Aldrich) + 10% sodium polyphosphate) until a 150 mL concentrate was collected. The sample retentate and filter eluate were combined (total volume = 350 mL) and centrifuged for 15 min at 800 × g and 24°C. The resulting pellet was resuspended in 0.40 mL of sterile reagent water and stored at −80°C. Nucleic acid extraction and purification followed using a MagAttract Virus Mini M48 Kit on a Bio-Robot M48 workstation (Qiagen, Germany). Further details on sample preparation and DNA extraction are described in Text S1. † Using the extracts, qPCR (Applied Biosystems, CA, USA) was performed to quantify the pathogenic FLA using the standards, primers, and probes presented in Text S1. † 34 The qPCR reaction mixture contained 5 μL extracted DNA, 12.5 μL TaqMan Environmental Mix 2.0 (Life Technologies, USA), 0.3 μL of forward and reverse primer (final concentration = 0.24 μM of each primer), 0.25 μL probe (final concentration = 0.20 μM), and 6.65 μL PCR grade water (for a total reaction volume of 25 μL). The thermal cycling parameters were as follows: a single cycle at 95°C for 10 min, 45 cycles at 95°C for 15 s, and final extension at 63°C for 1 min. 35 This assay showed no cross-reactivity among different amoebas and had a detection limit of 10 cells per L. An example amplification plot is shown in Fig. S4 . † Media samples found to have the greatest attached ATP concentration were selected to assess the presence of viable amoeba within the filters. Approximately 100 mL of core sample was transferred to a 250 mL centrifuge tube containing 200 mL of Page's amoeba saline (PAS). This was mixed for 1 min, and the core samples were allowed to settle for another min. The liquid was removed and pipetted into a separate 250 mL centrifuge tube. This sample was centrifuged at 800 × g and 24°C for 15 min, the supernatant was decanted, and the resulting pellet was resuspended in 1 mL of PAS. The sample was analyzed by cell culture analysis by adding 500 μL of each sample to two 25 cm 2 tissue culture flasks that contained 8.0 mL of PAS and approximately 10 8 cells of E. coli. The culture flasks were then incubated for 3 days at 24°C
. After incubation, microscopic examination for FLA was conducted using an Eclipse TS100 inverted microscope equipped with a DS-Fi2 color camera (Nikon Instruments, Japan). Following cell culturing, DNA from 400 μL of the sample from the culture flask was extracted using a MagAttract Virus Mini M48 Kit on a BioRobot M48 workstation (Qiagen, Germany) and analyzed by qPCR. A similar approach was conducted using raw water samples.
Microbial community profiling was performed by RTLGenomics (Lubbock, TX, USA) for 16S (bacteria assay) and 18S (eukaryote assay) rRNA gene sequencing. DNA from 50 g media samples was extracted by RTLGenomics using the following procedure. First, 100 mL of warm molecular grade water was added to each media sample. The mixture was agitated, and the water was decanted into two-50 mL centrifuge tubes. The water was then vacuum filtered through a 0.2 μm polyethersulfone membrane, and 1/6th of the filter membrane was processed for DNA extraction using a Qiagen MagAttract Powersoil DNA KF Kit. The extracts were amplified using primers targeting the 16S (515yF: 5′-GTGYCAGCMGCCGCG GTAA-3′ and 926pfR: 5′-CCGYCAATTYMTTTRAGTTT-3′) and 18S
(TAReukF: 5′-CCAGCASCYGCGGTAATTCC-3′ and TAReukR: 5′-ACTTTCGTTCTTGATYRA-3′) rRNA genes. After Illumina MiSeq sequencing, data analysis was performed using the standard pipeline of RTLGenomics. 36 Denoising and chimera detection were performed using UCHIME 37 and UPARSE 38 and in-house scripts. Operational taxonomic units (OTUs) selection was performed at 97% (subsequence) identity using the UPARSE algorithm. 38 USEARCH_global 39 was used to classify the OTU centroid with 90% identity cutoff against an in-house database of RTLGenomics (#2016-02-10) created from respective gene fragments from nucleotide (nr/nt) and genome databases found in NCBI (National Center for Biotechnology Information). Database sequences were at least 500 base pairs, annotated to be partial rRNA genes, and had taxonomic classification of at least the phylum level. The assigned NCBI taxonomy for each sequence was used and screened to contain seven levels, with missing information filled in with 'Unclassified' terms. Post-classification scripts were applied to alter the called taxonomy to reflect confidence in the call of <50% agreement for the top six hits at each taxonomic level. For confirmation, assignment of taxonomy was also performed using a naïve Bayesian classifier trained on the 97% majority SILVA (release 128) database. 40 Quantitative Insights into Microbial Ecology (QIIME 2) 41 was used to evaluate alpha and beta diversity after rarefaction at sequencing depths of 6816 and 6358 sequences (to include all samples) for the 16S and 18S rRNA genes, respectively. The OTU sequences were deposited in GenBank under the following accession numbers: 16S rRNA gene: MG430521-MG430799; 18S rRNA gene: MG418682-MG418825. All raw sequence data were also deposited in the Sequence Read Archive (SRA) under accession number SRP140670.
Results and discussion
Filter performance and biomass development
The performance of the anthracite and GAC filters was assessed in terms of turbidity and particle removal. Effluent turbidity and particle counts data (monthly averages) from 2007-2017 are compiled in Fig. 1 . Based on the raw water turbidity (range of monthly medians = 0.3-0.8 NTU, Fig. S5 †) , the filters were found to be effective in removing turbiditycausing particles. Both were able to achieve effluent turbidity <0.15 NTU, in accordance with the Long Term 2 Enhanced Surface Water Treatment (LT2) Rule. 5 However, significant differences in turbidity ( p < 0.001, Mann-Whitney rank sum test) were observed between the effluent of the chlorinated anthracite and GAC filters (Fig. 1a) . The anthracite filters (filters 17-18) had lower median effluent turbidities (<0.04 NTU) than GAC (∼0.06 NTU) over the monitoring period. For the GAC filters (filters [19] [20] , the effluent turbidities appeared to increase gradually through the years (Fig. S6 †) . This may be attributed to progressively greater amounts of steady-state biological activity over years of operation. The removal of raw water particles, for which median counts ranged from 1500-3500 particles per mL ( Fig. S7 †) , also differed between the two media types ( Fig. 1b) ( p < 0.001, Mann-Whitney rank sum test). Consistently, particle counts 
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in GAC effluent were higher than those from the anthracite filter ( Fig. S8 †) . The median particle counts in effluents of anthracite and GAC filters were about 1 and 10 particles per mL, respectively (Fig. 1b) . The results for turbidity and particle counts seem to agree with the amount of sloughed biomass in the filter effluents, which was measured by cellular ATP (Fig. S9 †) . For anthracite, minimal biomass was present in the filter effluent (i.e., ATP < 1 pg mL −1 ), with only a few samples with detectable ATP. For the biological GAC filters, the presence of sloughed biomass in the effluent translated to consistent ATP detection, with concentrations ranging from of 2-44 pg mL −1 .
To confirm biomass growth in the media, attached ATP was also measured at various filter depths (Fig. 2) . The chlorinated anthracite filters had ATP values of 4 × 10 2 -1 × 10 3 pg cm −3 media, while GAC biofilters had significantly greater ATP concentrations ranging from 5 × 10 3 -5 × 10 4 pg cm −3 media. The GAC biofilters were found to contain more biomass toward the bottom of the filter (i.e., attached ATP > 7 × 10 4 pg cm −3 ), which was attributed to the absence of a free chlorine residual (i.e., <0.08 mg L −1 Cl 2 ) at media depths >0.5 m (Fig. 2b) . In contrast, the anthracite filter effluent contained a free chlorine residual of approximately 1 mg L −1 Cl 2 (Fig.  S9 †) , which likely inhibited colonization of the media. Also, backwashing only achieved slight changes in biomass in the GAC (Fig. 2c ). Although the backwash water contained chlorine, dechlorination also occurred as the backwash water contacted the GAC in the fluidized upflow media bed [i.e., at the GAC/sand interface (d = 1.3-1.8 m)]. This creates an intermediate zone (d = 0.5-1.3 m) favorable for the proliferation of microorganisms due to the availability of substrate and absence of oxidant exposure at all times.
Monitoring of amoeba in filter effluent
Due to a lack of chlorine residual and subsequent biomass development in the GAC filters, the corresponding filter effluents were monitored by qPCR for the presence of target DNA sequences of pathogenic Acanthamoeba spp., Naegleria fowleri, and Balamuthia mandrillaris. Complementary measurements were conducted for samples from the Las Vegas Wash (a wastewater-impacted tributary to Lake Mead) and the raw water intake for the drinking water facility. The results showed regular occurrence of Acanthamoeba spp., Naegleria fowleri, and/or Balamuthia mandrillaris target DNA in the environmental samples from the Las Vegas Wash (Fig. 3a) , presumably due to the high organic and bacterial content of the Wash, but at the raw water intake, there were fewer detections and lower target DNA concentrations of Naegleria fowleri and Acanthamoeba spp. (Fig. 3b ). For the GAC filter effluent, there were consistent non-detects by qPCR until April 2017 (Fig. 3b ), at which point target Acanthamoeba spp. DNA was detected at a concentration of 950 copies per L, which was 120 times higher than those measured in the corresponding raw water (8 copies per L) and wastewater-impacted Las Vegas Wash (i.e., 48 copies per L) samples. This unexpected spike warranted further investigation into the potential presence of viable FLA in the GAC biofilters, which might serve as a source of Acanthamoeba during sloughing events. Naegleria fowleri and Balamuthia mandrillaris target DNA sequences were not detected in the GAC effluent. These target microbes were absent in the effluent of the anthracite filter sampled in May 2017.
Growth tests for viable amoeba
The filter core samples containing the greatest amount of biomass (i.e., ATP) were used to assess the presence of viable amoeba within the GAC and anthracite filters. After a 72 h growth/incubation period in the presence of E. coli, viable, fan-shaped FLA were found in samples originating from the GAC media ( Fig. S10 †) but not from the anthracite. Similar organisms were also found in the raw water samples (Fig. S10 †) . The observed amoebas had diameters of 20-30 μm. Comparison with literature suggests that these viable amoebas exhibit similar morphology to the genus Vannella, which consists of flabellate amoebas found in freshwater, soil, and seawater (typical diameter = 9-80 μm), 42 as well as in swamps, 43 and moist sanitary areas. 44 They have also been identified in drinking water treatment plants, drinking water biofilms, hot water tanks, and residential and hospital tap waters. 25, 45, 46 While this genus is considered non-pathogenic, there have been a few studies showing that it can host several bacterial species and human pathogens such as Microsporidia parasites. 47, 48 No target pathogenic amoebas were detected by qPCR after this test.
Microbial taxonomic profile of the filters
For more than 10 years, the microbial community structure of each filter was shaped by selective pressures caused by processes occurring at the filter media surface. The results of the 16S and 18S rRNA gene sequencing indicated that these processes have resulted in distinct communities for the an-thracite and GAC. GAC hosts a richer, more diverse bacterial community than anthracite (Table S2 †), which is likely attributable to greater availability of substrate (e.g., adsorbed organic matter) and absence of a free chlorine residual in the GAC filter bed. In all samples collected (i.e., at different filter depths, before and after backwash), the Shannon index, which accounts for both species richness and evenness, was greater in GAC (3.7-5.0) than in anthracite (2.4-2.9). Higher Simpson and Chao1 indices were also observed for the 16S rRNA gene sequences originating from GAC (Table S2 †) .
Using the 18S rRNA gene sequence data, Simpson and Shannon indices were also found greater in GAC than anthracite (Table S3 †), although Chao1 values (i.e., estimate of total OTU richness) for both media were relatively similar. Beta diversity metrics such as unweighted/weighted UniFrac distances and Bray Curtis dissimilarities were also evaluated (see Fig. S11 and S12 † for the principal coordinate analyses (PCoA)). These diversity metrics indicated that filter media type had a significant impact on beta diversity of the bacterial communities ( p < 0.05 when comparing anthracite versus the two GAC filters; Table S4 †). For eukaryotes, filter media appeared to be an insignificant factor for beta diversity (Table S5 †), although this result could be an artifact due to the small sample size possibly affecting statistical significance (anthracite: n = 1; other anthracite samples had insufficient DNA in the extract, presumably due to the free chlorine residual in the anthracite filter bed). Nevertheless, the distant positioning of anthracite from GAC in the PCoA plots ( Fig. S12 †) suggests differences in invertebrate community structure between the filters. 3.4.1. Bacterial community structure. The relative abundances of the major bacterial taxa in the filters are illustrated in Fig. 4 and also summarized in Table S6 . † At the phylum level, both were dominated by proteobacteria (>77%), which are commonly found in freshwater lake studies, 49 as well as in other drinking water systems. 14, 15, [50] [51] [52] This phylum has also been shown to be stable and less influenced by water treatment processes and seasonal changes, thereby allowing it to persist in drinking water filters. 53 Among the proteobacteria, betaproteobacteria (almost entirely Burkholderiales) dominated both filters, but alphaproteobacteria were also abundant in the GAC, which is consistent with Lautenschlager et al. (2014) . 16 The presence of Burkholderiales is not surprising as they have been detected previously in biofilms associated with conventional treatment (i.e., coagulation, flocculation, sand/anthracite filtration), conventional + GAC filtration, and membrane filtration systems. 15, 54 In the anthracite filter in the current study (i.e., filter 18), the free chlorine residual was expected to cause selective pressures that might limit the observed genera to those that can tolerate disinfection. Consistent with this theory, an unknown taxon that is Undibacterium-like (<51% confidence) was the most abundant at 45-68%. Taxonomic assignments using the SILVA database also confirmed Undibacterium as the dominant genus. This genus commonly occurs in drinking water and membrane biofilms 55, 56 and has also been reported to have high relative abundance after chlorination. 12, 57 On the other hand, Undibacterium had low relative abundance (<0.1%) on the GAC media, possibly due to being outcompeted by other genera (e.g., Massilia, Herbaspirillum, unknown Comamonadaceae) in the absence of free chlorine.
Pseudomonas and Hydrogenophaga are known to exhibit resistance to disinfection, 12, 58 and they were also observed on the anthracite media. Increases in relative abundance of Pseudomonas have been observed in water samples after chlorination, 12 and Hydrogenophaga are known to colonize chlorinated distribution pipes. 58 Although there are many nonpathogenic Pseudomonas species, the presence of Pseudomonas may be concerning for water utilities due to clinical relevance of some of its species like P. aeruginosa. 59 Pseudomonas was found at the top of the anthracite bed with a relative abundance of 4% but became less abundant deeper in the filter (0.3% at the bottom) and after backwashing (0%). A similar trend was observed for Hydrogenophaga. These observations suggest possible influence of nutrient availability on microbial abundance across the filter bed.
In GAC, the abundance of certain organisms was also affected by filter depth and backwashing. Massilia, a common soil/root colonizing bacterium, 60 had higher abundance at 0.8 m (filter 19: 10.1%, filter 20: 29.5%) than at 1.6 m (filter 19: 8.0%, filter 20: 20.3%). Backwashing also appeared to select for this genus, as demonstrated by its 21-38% increase in relative abundance after backwashing. Unlike Massilia, backwashing reduced the levels of an unknown Comamonadaceae (e.g., filter 19 at a depth 0.8 m: 15.5% be-fore backwash and 5.7% after backwash). Herbaspirillum, another soil bacterium, also showed higher abundance at a depth of 0.8 m (24-36%) than 1.6 m (12.9-16.5%). These bacteria may colonize the upper layers of the filter bed to gain access to readily biodegradable, lower molecular weight carbon, which is expected to be present in the ozonated feed water. In contrast, Bradyrhizobium and Hyphomicrobium (members of alphaproteobacteria) were more abundant deeper in the filter bed (1.4-2.9% at 0.8 m vs. 4.0-4.4% at 1.6 m), and their relative abundance increased further after backwashing. The occurrence of Bradyrhizobium and Hyphomicrobium in the deep zones of the filter bed can be ascribed to the inherent property of alphaproteobacteria to thrive under low nutrient conditions and degrade complex organic materials, 16 among others. This agreed well with a previous study in which Bradyrhizobium was shown to dominate a nutrientlimited biofilter, leading to the release of EPS and head loss development. 9 The quenching of chlorine by GAC might have also allowed growth of Bradyrhizobium, consistent with Oh et al. (2018) who reported dominance of Bradyrhizobium in a GAC filter receiving ozonated, non-chlorinated waters. 14 Other than these organisms, Nitrospira (0.4-0.6%), known for nitrite oxidation, was also detected at a depth of 1.6 m. The presence of bacteria involved in nitrogen cycling (including Bradyrhizobium for nitrogen fixation) indicates that nitrification occurs in GAC, despite prior oxidation of inorganic and organic nitrogen by ozone. 61 The occurrence of N-metabolizing bacteria suggests secondary production of ammonia and amino acids by protozoan activity within the GAC. 62, 63 3.4.2. Invertebrate community structure. Fig. 5 summarizes the relative taxonomic abundance of eukaryotes based on analysis of the 18S rRNA gene. The GAC biofilters were found to host a variety of organisms belonging to the phylum Arthropoda (copepods), Mollusca (mollusks), and Nematoda (nematodes). These invertebrate taxa have been previously reported in GAC filters, 17, 18 and drinking water distribution mains. 7, 64 The difference between GAC and anthracite could be impacted by the biofilm formation rate, 7 as biofilm serves the base of the food web. In other words, different organisms thrive in the filters depending on the overall biological activity. Due to insufficient biomass in the anthracite filter because of chlorination, which resulted in insufficient DNA in the extract, no sequencing data were available for the other Filter 18 samples (bottom, 2.0 m filter depth, after backwash). This is consistent with the study of Wang et al. (2014) in which they demonstrated the ability of chlorine to control population densities of total invertebrates. 17 Only the top layer of the anthracite filter (i.e., filter 18, 0 m in Fig. 5 ) had successful amplification of the 18S rRNA gene for subsequent sequencing analysis.
Calanoid copepods (Leptodiaptomus), which are common in fresh water bodies (e.g., the Great Lakes) and sediments, 65 dominated the eukaryote community within the upper layer of the anthracite (relative abundance of 66.5%; Table S7 †) . Their high abundance in the chlorinated anthracite can likely be attributed to their tolerance for oxidants (e.g., chlorinated cooling towers; other studies have reported copepod resistance to UV irradiation as well). 66, 67 Furthermore, the data in the current study are consistent with the copepod chlorine tolerance hierarchy described by Ershath et al. (2008) : calanoids > cyclopoida > harpacticoids > naupliar stages. 68 The relative abundance of cyclopoida (e.g., Mesocyclops) was <10% in the chlorinated anthracite filter.
In contrast with anthracite, Leptodiaptomus was observed in the upper layer (i.e., depth = 0.8 m) of the GAC but only at a relative abundance of 8.0-10.7%. Other eukaryotes, including Eumonhystera (up to 26.8%) and Loxophyllum (up to 14.5%), exhibited high relative abundance in the GAC but not the anthracite, possibly due to the absence of a disinfectant residual in the GAC. The nematode Eumonhystera was also detected in a GAC filtrate in a previous study. 18 While 18S rRNA gene amplification was successful in many of the GAC samples, a majority of the OTUs remained unknown as many sequences did not match the applied taxonomy classifier or were not yet assigned to any taxa. 36 Taxonomic assignment using the SILVA database 40 confirmed the presence of predominantly unknown eukaryotic sequences (>33%). Consistent with the amoeba viability test results, members of the family Vannellidae (e.g., Vannella) were observed in the GAC but not the anthracite, further supporting the hypothesis that bioactive GAC offers favorable conditions for amoeba colonization.
Implications
Upon completion of this study, the GAC biofilters (filters [19] [20] and the chlorinated anthracite filters (filters 1-18) were View Article Online evaluated in the context of treatment performance and microbiological water quality. One of the justifications for employing biofiltration is stabilization of ozonated water, which typically contains significant quantities of assimilable organic carbon. However, there have been no historical concerns about the biostability of finished water from RMWTF or microbial regrowth in the distribution system, thereby negating the need for biofiltration. In addition, only marginal reductions (<10%) in DOC and total trihalomethane (TTHM) formation potential have been achieved by the GAC biofilters at RMWTF (Fig. S13 †) . The biomass accumulation in the GAC has even reduced filter run times (from 200 to 150 hours) and increased turbidity and particle counts ( Fig. 1) , presumably due to biomass sloughing. Therefore, considering the negligible effect on biostability, the adverse impacts on effluent water quality, and the potential for pathogen harboring and release, RMWTF decided to suspend operation of the GAC biofilters and initiate media replacement with anthracite and sand. As a result, the full-scale filters at RMWTF are now exclusively chlorinated anthracite filters with a sand base. This study demonstrates the importance of integrating both the engineering and microbial aspects of biofiltration to investigate the overall effect of upstream chlorine addition on filter performance and microbial community structure in the filter media. It is among the first to report the detection of viable FLA occurrence in drinking water biofilters, presumably linked to the lack of residual disinfectant and an abundant food source (i.e., bacteria). The occurrence of pathogenic and non-pathogenic FLA as well as oxidant-resistant microorganisms requires further investigation into the microbial communities of drinking water biofilters and the microbiological water quality of the finished drinking water. Should additional occurrence data highlight the role of drinking water biofilters as a significant source of potential pathogens, then the water quality benefits of biofiltration must be weighed against the associated microbial risks.
Conclusions
Full-scale chlorinated GAC and anthracite filters were investigated for their biological activity, effluent quality, and microbial community characteristics. The following conclusions can be drawn from this study:
• GAC rapidly quenches residual chlorine, which leads to greater biomass development and biological activity in GAC biofilters than chlorinated anthracite filters. This increase in biological activity can be advantageous for stabilization of ozonated water but can also lead to greater biomass sloughing, turbidity, and particle counts.
• GAC biofilters provide favorable conditions for a variety of prokaryotic and eukaryotic organisms, including free-living amoebas. For example, environmental Acanthamoeba spp. can reach drinking water intakes, accumulate in biofilters, and get released into the filter effluent during sloughing events, as documented by the qPCR assays in this study. Other types of viable free-living amoebas, including Vannella, may also be found in biofilters according to the culturebased assays in the current study.
• Based on 16S and 18S rRNA gene sequencing, chlorinated anthracite filters host a less diverse bacterial community and are dominated by microbes that are possibly chlorine-resistant (e.g., Undibacterium-like taxon). In contrast, the absence of residual disinfectant in GAC filters allows for colonization by Massilia, Herbaspirillum, unknown Comamonadaceae, Bradyrhizobium, and Hyphomicrobium, among others. Filter depth and backwashing dynamics appeared to affect the relative abundance of these taxa. With respect to eukaryotes, Calanoid copepods (e.g., Leptodiaptomus) dominated the chlorinated anthracite filter, while a variety of invertebrates (e.g., nematodes) and unknown taxa were detected in the GAC. Further studies are needed to identify the unknown taxa that dominate the eukaryotic fraction of GAC's microbial community.
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